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Heparan sulfate proteoglycans (HSPGs) are glycosylated extracellular or membrane-associated proteins.
Their unbranched heparan sulfate (HS) disaccharide chains interact with many growth factors and
receptors, modifying their activity or diffusion. The pattern of HS sulfation can be altered by the enzymes
Sulf1 and Sulf2, secreted extracellular 6-O endosulfatases, which remove speciﬁc sulfate groups from HS.
Modiﬁcation by Sulf enzymes changes the binding afﬁnity of HS for protein such as ligands and receptors,
affecting growth factor gradients and activities. The precise expression of these sulfatases are thought
to be necessary for normal development. We have examined the role of the sulf1 gene in trunk
development of zebraﬁsh embryos. sulf1 is expressed in the developing trunk musculature and as well as
in midline structures such as the notochord, ﬂoorplate and hypochord. Knockdown of sulf1 with
antisense morpholinos results in poor differentiation of the somitic trunk muscle, loss of the horizontal
myoseptum, lack of pigmentation along the mediolateral stripe, and improper migration of the lateral
line primordium. sulf1 knockdown results in a decrease in the number of Pax7-expressing dermomyo-
tome cells, particularly along the midline where the horizontal myoseptum develops. It also leads to
decreased sdf1/cxcl12 expression along the mediolateral trunk musculature. Both the Pax7 and cxcl12
expression can be restored by inhibition pharmacological inhibition of BMP signaling, which also restores
formation of the myoseptum, fast muscle development, and pigmentation patterning. Lateral line
migration and neuromast deposition depend on sdf1/cxcl12 and FGF signaling respectively, both of
which are disrupted in sulf1 morphants. Pharmacological activation of FGF signaling can rescue the
spacing of neuromast deposition in these ﬁsh. Together this data indicate that sulf1 plays a crucial role in
modulating both BMP and FGF signaling along the developing myoseptum to coordinate the morpho-
genesis of trunk musculature, associated pigment cells, and lateral line neuromasts.
& 2013 Elsevier Inc. All rights reserved.Introduction
Somites are a deﬁning feature of vertebrate embryos. They are
transient structures, apparent as blocks of epithelial cells that pro-
gressively segment from the posterior mesoderm and lie in a paraxial
position adjacent to the neural tube and notochord. Somite cells give
rise to all the skeletal muscle in the body, as well as the ribs, vertebrae,
and the dermis of the skin (Christ et al., 1998). In addition, the somites
provide cues for migrating axons and in this way also give a segmental
pattern to the peripheral nervous system (Keynes and Stern, 1984).
The several different cell types known to derive from the initially naive
epithelial somite are speciﬁed by local cell signaling (Emerson, 1993).ll rights reserved.
Drive, Hamilton, NY 13346,In vertebrates, skeletal muscle cells will differentiate as one of two
physiologically distinct ﬁber types: fast or slow. In zebraﬁsh, the
decision for a cell to generate fast or slow muscle is made early in
development while the somites are still forming (Devoto et al., 1996).
Fate-mapping studies showed that the adaxial cells, positioned
adjacent to the notochord, give rise to slow muscle cell types. As
somites form, most adaxial cells migrate laterally to become superﬁcial
slow ﬁbers (SSF), while a few adaxial cells remain adjacent to the
notochord and become muscle pioneer cells (MPCs). MPCs are
characterized by the expression of engrailed (Hatta et al., 1991; Ekker
et al., 1992). Medial fast ﬁber (MFF) precursors develop in close
proximity to the MPCs and also express engrailed, but at a lower level
(Hatta et al., 1991). When MPCs differentiate they remain mononucle-
ate and stretch from the notochord to the lateral somite surface, in this
way foreshadowing the horizontal myoseptum, a structure which
divides each somite into dorsal and ventral sections and gives somites
J. Meyers et al. / Developmental Biology 378 (2013) 107–121108their characteristic chevron-shape. Mutants without a horizontal
myoseptum develop somites with a characteristic U-shape (Van
Eeden et al., 1996). Some of these mutants also lack a notochord, such
as no-tail (Halpern et al., 1993) and ﬂoating-head (Talbot et al., 1995),
while in other U-mutants the notochord is present, such as sonic-you
and you-too (Van Eeden et al., 1996).
The horizontal myoseptum provides guidance for the migration
of the posterior lateral line (PLL) primordium, which migrates
posteriorly from the otic vesicle, along the horizontal myoseptum,
depositing neuromasts at regular intervals (Whitﬁeld, 2005).
In addition, the horizontal myoseptum coordinates the migration
of a mediolateral stripe of melanocytes (Svetic et al., 2007). MPCs
and the horizontal myoseptum therefore play essential organiza-
tional roles for somite structure which subsequently imparts
guidance cues to pattern other developing systems.
Hedgehog signaling from the notochord induces adjacent adaxial
cells to a slow muscle fate(Blagden et al., 1997; Hirsinger et al., 2004).
In response to high levels of Sonic hedgehog (Shh), some cells will
activate high levels of engrailed expression and become MPCs, while
neighboring cells receive less Shh signal, express lower levels of
engrailed, and become MFFs (Wolff et al., 2003). The ability of hedge-
hog signaling to specify different cell types in a concentration-
dependent manner is supported by experiments in other develop-
mental models and suggests it behaves as a morphogen (Torroja et al.,
2005; Dessaud et al., 2008). Superimposed on the activating Shh
signal, BMP signaling from dorsal and ventral parts of the myotome
has been shown to restrict engrailed expression to the central region
where MPCs form (Dolez et al., 2011). The antagonistic effects of Shh
and BMP signaling have been further elucidated at the level of the
enhancer element that drives engrailed expression in the MPCs
(Maurya et al., 2011). In addition, heparan sulfate proteoglycans
(HSPGs) have been found to be essential for the ability of BMP to
pattern the myotome (Dolez et al., 2011).
HSPGs are essential for many cell signaling pathways important for
development, including hedgehog and BMP signaling (Lin, 2004).
HSPGs consist of a protein core to which glycosaminoglycan (GAG)
chains are attached. These unbranched chains of disaccharide repeats
can be modiﬁed, or not, by sulfation; this results in a high degree of
structural heterogeneity and allows HSPGs to bind many different
proteins (Turnbull et al., 2001). The secreted sulfatase enzymes Sulf1
and Sulf2 can act at the cell surface to remodel HSPG structure by
speciﬁcally removing a sulfate group from the 6-O position of
glucosamine in heparan sulfate (HS) chains. This modiﬁcation changes
the afﬁnity of HS for ligands and receptors and impacts cell signaling
(Lai et al., 2004; Ai et al., 2006; Freeman et al., 2008).
sulf1 and two sulf2 genes have been described in zebraﬁsh and
have been shown to be expressed in the central nervous system and
the somites during early development (Gorsi et al., 2010), though their
function in control of developmental signaling has not be examined.
Here we use antisense morpholino oligonucleotides to knock-down
sulf1 and ﬁnd abnormal somite development, with a loss of the
horizontal myoseptum. These embryos also display disrupted migra-
tion of the PLL primordium and a failure of pigment cells to migrate.
Pharmacological inhibition of BMP signaling rescues the formation of
the horizontal myoseptum, and restores the normal migration of the
PLL primordium and pigment cells. We conclude that sulf1 acts an
essential modulator of BMP signaling and is required for normal
morphogenesis of the zebraﬁsh somite.Methods
Fish lines and general care
Wild-type ﬁsh were of the TL strain, and were obtained from
the Zebraﬁsh International Resource Center (ZIRC; Eugene, OR).In Tg(cldnb1:lyn-gfp) ﬁsh, GFP is expressed in the cells of the lateral
line, including the migrating primordium (Haas and Gilmour,
2006), and was a kind gift of Darren Gilmour. In Tg(BMPRE:eGFP)
ﬁsh, GFP is expressed under control of repeated SMAD-mediated
BMP response elements (Collery and Link, 2011), and were a kind
gift of Brian Link. Fish were maintained on a 14:10 light:dark cycle
at 28.5 1C unless otherwise stated. All care and use of ﬁsh was
approved by the Animal Care and Use Committee at Colgate
University.
Morpholino injections
Anti-sense morpholino oligonucleotides were designed against
the start site and the splice boundary between intron 2 and exon 3 of
the zebraﬁsh sulf1 gene, using the following sequences:sulf1 start AMO: CATCATGGGACTGCGAACGCGAATC
sulf1 splice AMO: ATCCTGACACACAAGACAGACAACAMorpholinos were reconstituted to 1 mM in water, and were
injected using a picoinjector (Harvard Apparatus, Holliston MA) to
deliver 1 pmol of the sulf1 start AMO or 0.25 pmol of the sulf1
splice AMO to zebraﬁsh embryos at 1–2 cell stage. Fish were then
returned to incubation in E3 medium (Westerﬁeld, 2007). To
conﬁrm that the splice morpholino altered levels of correctly
spliced mRNA, 15 uninjected and 15 sulf1 splice AMO injected ﬁsh
were collected at 24 hpf and frozen in liquid nitrogen. RNA was
extracted using PureLink RNA isolation kit (Life Technologies,
Grand Island, NY), and cDNA generated using DyNAmo cDNA
Synthesis kit (Thermo Scientiﬁc, Lafayette, CO). cDNA was ampli-
ﬁed via PCR using primers spanning two different exons in sulf1 or
the housekeeping gene HPRT1.
Pharmacological manipulation
To inhibit BMP signaling, zebraﬁsh embryos were incubated in
5 μM dorsomorphin (EMD Millipore, Billerica MA, 10 mM stock in
DMSO) or 2 μM LDN193189 (Selleck Chemical, Houston TX, 10 mM
stock in DMSO) diluted in E2 medium (15 mM NaCl, 0.5 mM KCl,
1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4, 1 mM CaCl2,
0.7 mM NaHCO3) beginning at 12 hpf (Boergermann et al., 2010).
Control embryos were treated with 0.1% DMSO. To enhance FGF
signaling, we incubated zebraﬁsh embryos 2.5 μM BCI (EMD
Millipore), a Dusp1/6 inhibitor (Molina et al., 2009) beginning at
30 hpf.
Time-lapse microscopy
To directly observe migration of the lateral line primordium,
conducted time-lapse microscopy as in Haas and Gilmour (2006).
Brieﬂy, we anesthetized 24 hpf Tg(cldnb:lyngfp) zebraﬁsh embryos,
which express membrane tagged GFP in all lateral line cells, with
0.003% tricaine (Sigma-Aldrich, St. Louis MO), and embedded them in
0.75% low-melt agarose in E3 media on coverglass, then imaged on a
Zeiss 710 confocal laser scanning microscope. Images were acquired
every 15 min for approximately 18 h.
Immunocytochemistry and in situ hybridization
Fish were ﬁxed with 4% paraformaldehyde, and then processed
either for whole-mount labeling or cryosectioning. For whole-
mount labeling, ﬁsh were treated with acetone at −20 1C for
10 min, rehydrated in PBS with 0.1% Tween-20 (PBST), blocked in
10% normal goat serum, incubated in primary antibodies over-
night, washed with PBST, then incubated in secondary antibodies
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microscope (Carl Zeiss; Thornwood, NY).
For cryosectioning, ﬁxed zebraﬁsh were cryoprotected in
20% sucrose in 0.1 M phosphate buffer, frozen in a 2:1 mixture of
20% sucrose in 0.1 M phosphate buffer:OCT (Tissue-Tek), and
cryosectioned at 10 or 25 μm (Barthel and Raymond, 1990).
Following 1-h block with 10% normal goat serum in PBST, primary
antibodies diluted in PBST were applied for 1 h at room tempera-
ture, slides were washed in PBST, then incubated in ﬂuorescent
conjugated secondary antibodies diluted 1:200 in PBST. Primary
antibodies and their dilutions included: anti-HSPG (10E4, US
Biological, Swampscott, MA, 1:100), anti-Engrailed (4D9, Develop-
mental Studies Hybridoma Bank, Iowa City, IA, 1:50), anti-Prox1
(Angiobio, Del Mar, CA, 1:500), anti-slow muscle (F59, Develop-
mental Studies Hybridoma Bank, 1:10), anti-pax7 (Developmental
studies hybridoma bank, 1:10), anti-slow muscle myosin heavy
chain (BA-D5, DSHB, 1:10), anti-phosphorylated Smad1/5/8 (Cell
Signaling, Beverly MA, 1:100).
Phalloidin labeling used Acti-stain 488-conjugated phalloidin
(Cytoskeleton, Denver, CO). For whole-mounts, embryos were
permeabilized in PBST for 30 min, blocked in PBST with 10%
normal goat serum for 1 h, incubated in phalloidin overnight at
4 1C, then washed in PBST and imaged. For cryosections, slides
were permeabilized in PBST for 10 min, blocked in PBST with 10%
normal goat serum for 1 h, incubated in phalloidin 1 h at room
temperature, then washed in PBST and imaged.
Fluorescent imaging was conducted on a Zeiss 710 confocal
laser scanning microscope (Jena, Germany). For whole-mounts,
maximum-intensity projections of three-dimensional stacks are
presented; for cryosections an individual optical section is shown.
Quantiﬁcation was done using Zen software (Carl Zeiss), and
statistical signiﬁcance was assessed via t-test for two point
comparisons and with ANOVA using post-hoc Tukey analysis for
multiple comparisons. For all images where comparisons are made12 h
18 h
24 hp
Fig. 1. sulf1 is expressed in the developing notochord and trunk musculature in zebraﬁs
12 hpf and labeled with antisense probe against sulf1. Expression is strongest in the tail
18 hpf zebraﬁsh embryos. Expression remains strong in the tailbud and notochord, but
24 hpf zebraﬁsh embryos. (F) Whole mount labeling showing expression in trunk muscu
at approximately the level of the line in (F) showing expression in medial trunk muscul
sulf1 expression in the tail. Scale bars: A, B, D, E, F: 250 μm; C: 25 μm; G: 50 μm; H: 10between different conditions, all imaging parameters, such as laser
power and gain, were held constant between samples.
In situ hybridization was performed on whole-mount embryos
ﬁxed in 4% PFA and stored in MeOH at −20 1C prior to processing
as described in Thisse and Thisse (2004), using probes for ptc1
(eu467), cxcl12a/sdf1a (gift of A. Chitnis), FGF10a (eu110) and sulf1
(fk14e08).Results
Using whole-mount in situ hybridization with an antisense
probe against sulf1 we found that sulf1 is expressed throughout
early somitogenesis. At 12 hpf (∼6 somite), expression of sulf1 was
strongest in the tailbud mesoderm, with lower levels of expression
extending along the notochord toward the head (Fig. 1A–C). By
18 hpf, while expression remains strongest in the tail-bud, expres-
sion has become apparent in the somites (Fig. 1D) and there is
speciﬁc expression in the forebrain and otic vesicle (Fig. 1E). At
24 hpf, neural expression in the optic stalk, otic vesicle, midbrain/
hindbrain boundary was clear, with additional expression in the
ﬂoorplate of the spinal cord (Fig. 1F and G). Additionally, there was
expression across the trunk musculature (Fig. 1F and G) with
higher levels of expression in the notochord and hypochord
(Fig. 1G and H).
As sulf1 is expressed both within the developing somites and
within the midline structures, the notochord, ﬂoorplate and
hypochord, which act as signaling centers to coordinate somite
development, we next investigated whether knockdown of sulf1
would alter somite formation in zebraﬁsh embryos. We designed
two anti-sense morpholino oligonucleotides against sulf1, one
directed at the start site of translation, and one directed at the
boundary between exon 3 and intron 4. Injection of the splice-
directed morpholino into ﬁsh at the 1–4 cell stage, results in apf
pf
f
h embryos. (A–C) Lateral (A) or dorsal (B and C) views of zebraﬁsh embryos ﬁxed at
bud and notochord. (D and E) Lateral (D) or ventral (E) views of sulf1 expression in
is also expressed in forebrain, otic vesicle, and somites. (F–H) Expression of sulf1 in
lature, along with midbrain–hindbrain boundary and optic stalks. (G) Cross-section
ature and in the notochord and neural ﬂoorplate. (H) Higher magniﬁcation view of
0 μm.
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(Supplemental Fig. 1A), while there is no change in the house-
keeping GAPDH mRNA. In order to test whether this knockdown
resulted in functional changes in heparan sulfate proteoglycans,
we used an antibody against HSPGs to examine their expression.
10E4 recognizes highly sulfated heparan sulfate (Yip et al., 2002)
and loss of 10E4 reactivity has been described in cultured cells
overexpressing sulf1 (Ai et al., 2003). We ﬁnd that at 36 hpf, sulf1
morphants had dramatically increased immunoreactivity for 10E4
compared to controls, with strong labeling in the extracellular
space of the somitic cells (Supplemental Fig. 1B). This is consistent
with a loss of Sulf1 activity in the morphant ﬁsh, resulting in
increased levels of highly sulfated N-acetylglucosamine residues at
the cell surface.
Knockdown of sulf1 led to the disruption of somite structure.
Uninjected ﬁsh and ﬁsh injected with water or a control morpho-
lino had normal appearing chevron-shaped somites, with straight
tails at 24 hpf (Fig. 2A and C). Fish injected with either the sulf1
start or splice-site morpholino had slightly curved tails at 24 hpf,
with somites that no longer had the sharp chevron shape (Fig. 2B
and D). For all phenotypes examined, both the start and splice site
morpholinos gave similar effects, though unless otherwise speci-
ﬁed, we only show results from the splice morphants. To better
characterize the muscle phenotype, we stained control or mor-
phant ﬁsh at 36 hpf with phalloidin to label the actin-rich muscle
ﬁbers. Lateral views of control ﬁsh again showed the chevron-
shaped somites (Fig. 2E), while sulf1 morphants had narrower,
rounder shaped somites (Fig. 2G). Measurement of the width at
the middle of the two somites around the proctodeum (approxi-
mately somite 15) showed that, while control ﬁsh had somites that
were 58.373.3 μm wide, the sulf1 splice site morphants had
somites that were only 45.971.7 μm wide, a statistically signiﬁ-
cant decrease in size (p⪡0.001; t-test; Fig. 2I). To quantify the
change in shape, we measured the somite angle at 36 hpf, which
was 83.573.71 in controls at 118.475.51 in sulf1 morphants,
representing a signiﬁcant ﬂattening out of the somites from the
typical chevron shape (p⪡0.001; t-test; Fig. 2J).
The somites of sulf1 morphant ﬁsh lack a horizontal myosep-
tum along the lateral midline in these whole-mount views
(Fig. 2G). Phalloidin-stained cross-sections of the tail also show
the absence of the horizontal myoseptum in sulf1 morpholino
injected ﬁsh (Fig. 2H). Both the whole-mount and sections also
show that the density of phalloidin labeled ﬁbers in sulf1 mor-
phants is greatly decreased, indicating that the muscle ﬁbrils are
much more sparse in morphants than in control muscles (Fig. 2E–H).
This decrease in density of muscle ﬁbers and loss of the horizontal
myoseptum is also evident in histological sections of morphant
embryos (Fig. 2K and L).
The conspicuous absence of a morphological myoseptum in
sulf1 morphants points to a potential defect in the muscle pioneer
population that give rise to the horizontal myoseptum. To test
whether knockdown of sulf1 alters the development of MPCs, we
analyzed control and sulf1 morphant ﬁsh for the expression of
Prox1, which marks slow muscle cells including the muscle
pioneers (Glasgow and Tomarev, 1998), together with engrailed,
which labels both medial fast ﬁbers and MPCs (Ekker et al., 1992).
MPCs are characterized by the co-expression of Prox1 and
engrailed. Control ﬁsh showed 3–4 Prox1/engrailed double-
labeled cells along the horizontal myoseptum (mean of 3.670.1
MPCs per somite) with a halo of medial fast-ﬁbers (MFFs) which
express less engrailed than MPCs and do not express Prox1 (mean
of 7.070.3 MFFs per somite; Fig. 3A). sulf1 morphant ﬁsh typically
only had two Prox1/engrailed double-labeled MPCs per somite
(mean of 2.170.2 MPCs per somite; p⪡0.001 compared to control)
with signiﬁcantly fewer engrailed-positive MFF cells surrounding
the muscle pioneer cell (mean of 2.970.5 MFFs per somite;p⪡0.001 compared to control; Fig. 3B). Notably, there appears to
be no disruption in the number of Prox1 expressing slow-muscle
cells, however, the pattern of the slow muscle nuclei copies the
change in somite shape, with the controls being angular and wider
than the rounder and more narrow somites seen in sulf1 mor-
phants (Fig. 3A and B). Additionally, sulf1 knockdown ﬁsh do not
develop the mediolateral stripe of melanophores that migrate to
the horizontal myoseptum in control ﬁsh (Svetic et al., 2007;
Fig. 3C and D). Together these data suggest that sulf1 is required
for the development of the horizontal myoseptum, with morphant
ﬁsh lacking the morphological structure, having fewer MFFs, fewer
MPCs, and fewer pigment cells migrating to the myoseptum.
Zebraﬁsh develop a superﬁcial layer of slow muscle ﬁbers in
response to Hh signaling from the notochord (Devoto et al., 1996),
and the muscle pioneer cells that form the horizontal myoseptum
are a sub-class of slow muscle ﬁbers that remain medial and
mononucleate (Stickney et al., 2000). Given the loss of the
horizontal myoseptum and rounded somites that are typical of
mutants with disrupted Hh signaling (e.g. sonic-you; van Eeden
et al., 1996), we examined whether sulf1 knockdown led to the loss
of slow muscle ﬁbers using the F59 antibody, which strongly labels
the adaxial slow muscle ﬁbers in the zebraﬁsh tail (Devoto et al.,
1996). Although the shapes of the somites are different, both
control and sulf1 morphant somites had nearly the same number
of slow muscle ﬁbers (Fig. 4A–C; 21.870.6 slow ﬁbers per somite
versus 19.970.7 slow ﬁbers; n¼8; p40.05; t-test). We also used
an antibody against slow myosin heavy chain and found no
observable loss of slow muscle in the morphants (Fig. 4D and E).
As the number of adaxial slow ﬁbers is a sensitive readout of the
level of Hedgehog signaling (Hirsinger et al., 2004), this suggests
that the defects in somite morphogenesis observed in sulf1
morphants may not be caused by changes in Hh signaling.
Consistent with this, expression of ptc1, which is a robust reporter
of hedgehog signaling, is comparable in controls and sulf1 mor-
phants excepting the change in somite shape (Fig. 4F–I), as is
expression of GFP in ptc1:eGFP transgenic ﬁsh (data not shown).
Together, this data suggests that hedgehog signaling is not
dramatically disrupted during somitogenesis of sulf1 morphants.
Fish overexpressing exogenous BMP2 also show increased
somite angle (Patterson et al., 2010), so we next examined
whether BMP signaling was altered in sulf1 morphants by measur-
ing the level of phosphorylated Smad1/5/8 which is activated
downstream of the BMP receptor. Sections through somites at the
level of the yolk-extension show that sulf1 morphant ﬁsh at 36 hpf
have higher levels of pSmad1/5/8, and increased numbers of cells
immunoreactive for pSmad in both the dorsal and ventral regions
of the somite compared with control ﬁsh (Fig. 5A and B). Similarly,
in whole-mounts of 24 hpf ﬁsh, with double-labeling with pSmad
and engrailed, we observed an stronger immunoreactivity in sulf1
morphants, with broader and more disorganized expression
within each somite, particularly within the ventral portion of the
somite (Fig. 5C, D, C', and D'). This is coordinated with a decrease in
the expression of engrailed in the muscle pioneers, as described
above (Fig. 3D).
To test whether pharmacological inhibition of BMP signaling
could reduce this increase in pSmad level, we treated sulf1
morphant ﬁsh with either dorsomorphin (25 μM) or the more
speciﬁc LDN-193189 (2 μM), both of which are ATP-competitive
inhibitors of the BMP receptors Alk1, 2, 3, and 6 (Boergermann
et al., 2010). Both dorsomorphin (data not shown) and LDN
treatments beginning at 12 hpf were able to block the increase
in pSmad levels in sulf1 morphant ﬁsh (Fig. 5E, F and F'), and led to
a statistically signiﬁcant increase in number of Prox1/engrailed-
positive muscle pioneers and engrailed-positive medial fast ﬁbers
compared with sulf1 morphants treated with DMSO as a vehicle
control (Fig. 5G and H). To further test whether BMP signaling was
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Fig. 2. Knockdown of sulf1 leads to somite defects including loss of the horizontal myoseptum. (A) Whole mount view of three ﬁsh injected with control morpholino and
ﬁxed at 24 hpf, showing normal tail development. (B) Whole mount view of three ﬁsh injected with 0.25 pmol sulf1 MO, showing curvature and widening of the tail.
(C) Higher magniﬁcation view of a control ﬁsh at 24 hpf, showing normal chevron-shaped somites. (D) Higher magniﬁcation view of a sulf1 morphant ﬁsh showing more
closely spaced, obtusely angled somites. (E) Lateral view of whole-mount of 48 hpf control zebraﬁsh labeled with 488-conjugated phalloidin. Again normal chevron-shaped
somites can be seen. (F) Cross-section of control zebraﬁsh labeled with 488-conjugated phalloidin with arrows marking the distinct horizontal myoseptum that runs along
the midline of the ﬁsh, counterstained with DAPI. (G) Lateral view of whole-mount of 48 hpf sulf1 morphant zebraﬁsh labeled with 488-conjugated phalloidin, taken at the
same exposure and settings as (E). Labeled muscle ﬁbers are much less dense than in controls, and the somites appear rounded, more obtusely angled, and closer together.
(H) Cross-section of sulf1 morphant ﬁsh at 48 hpf, showing the sparser muscle ﬁbers and the absence of a morphological horizontal myoseptum. (I and J) Quantiﬁcation of
somite width (I) and angle (J) between control and sulf1 morphant ﬁsh. Quantiﬁcation was done on the two somites closest to the proctodeum (approximately somite 15).
sulf1morphants had signiﬁcantly narrower somites that had a signiﬁcantly more obtuse angle than control ﬁsh (po0.001 for both, T-test). (K and L) Vibratome cross-section
of control (K) or sulf1 morphant (L) zebraﬁsh at 48 hpf stained with hemotoxylin and eosin showing the decreased density of muscle ﬁbers and loss of the horizontal
myoseptum in sulf1 morphants. Scale bars: A, B: 500 μm; C, D: 250 μm; E, G: 50 μm; F, H: 50 μm; K, L: 50 μm.
J. Meyers et al. / Developmental Biology 378 (2013) 107–121 111altered in sulf1 morphant ﬁsh, we injected the sulf1 morpholino
into a transgenic line expressing GFP under control of repeated
BMP response elements (Collery and Link, 2011). At 24 h, the trunk
muscle cells are strongly expressing GFP, indicating active BMP
signaling, with a distinct stripe lacking GFP along the future
horizontal myoseptum, which becomes a more distinct separationby 72 hpf (Fig. 5I and K). In sulf1 morphants, the ﬁsh express GFP
across the somite with only occasional small gaps along the
horizontal myoseptum at either 24 or 72 hpf (Fig. 5J and L). These
data suggest that BMP signaling must be down-regulated along
the midline for proper formation of the MPCs and MFFs. Further-
more, pharmacological reduction of BMP signaling in sulf1
Engrailed Prox1 Overlay (DAPI)
Control
sulf1 MO
Control sulf1 MO
Fig. 3. Knockdown of sulf1 leads to decrease in muscle pioneer and medial fast ﬁbers along the horizontal myoseptum. (A and B) Whole mounts of control (A) or sulf1
morphant ﬁsh (B) immunolabeled against Engrailed (green) and Prox1 (red), and counterstained with DAPI (blue). Controls have 3–4 muscle pioneers co-expressing
Engrailed and Prox1 in each somite, surrounded by a halo of medial fast ﬁbers that express only Engrailed and at weaker levels than the muscle pioneers. In sulf1morphants,
there are only 1–2 muscle pioneers and few medial fast ﬁbers. (C and D) Brightﬁeld view of the mediolateral stripe of melanocytes in control (C) or sulf1 morphant
(D) zebraﬁsh. Although control ﬁsh have a well-deﬁned stripe of pigmentation that runs along the horizontal myoseptum, these pigment cells are absent in sulf1morphants.
Scale bars: A, B: 50 μm; C, D: 200 μm.
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the proper speciﬁcation of MPCs and MFFs.
Given that the increase in pSmad induced by sulf1 knockdown
could be abrogated by pharmacological inhibition of BMP signal-
ing, and could at least partially rescue the decrease in MPC and
MFF speciﬁcation in sulf1 morphants, we next asked whether this
inhibition rescued any of the other trunk phenotypes seen in the
sulf1 morphant ﬁsh. Notably, treatment with 2 μm LDN at 12 hpf
rescued the development of the morphological horizontal myo-
septum and led to an increase in the density of the fast muscle
ﬁbers (Fig. 6A–C). The reduction in the number of fast muscle
ﬁbers in sulf1 morphants and the rescue by inhibition of the BMP
receptors suggests that sulf1-mediated BMP signaling may be
necessary for proper speciﬁcation of myogenic precursors. The
myogenic precursors that give rise to the lateral fast muscle ﬁbers
are derived from Pax3/7-expressing dermomyotome cells
(Buckingham and Vincent, 2009), and this speciﬁcation and
differentiation of these dermomyotome cells is dependent on
BMP signaling in zebraﬁsh (Patterson et al., 2010; Nord et al., in
press). Therefore, we next asked whether there were changes to
the number of Pax7 dermomyotome cells in sulf1 morphant ﬁsh.
We found that the distribution and number of Pax7-expressing
cells at 24 h was different between controls and sulf1 morphants,
which we quantiﬁed at the 15th somite at 24 hpf. While controls
had 41.371.6 Pax7-expressing cells per somite at the 15th somite,
with a prominent stripe of thin, elongate Pax7-positive cells along
the lateral midline (Fig. 6D and G), sulf1 morphants had only
23.471.2 Pax7-expressing cells per somite, and were lacking any
thin, elongate Pax7-positive cells along the lateral midline (Fig. 6Eand G). This statistically signiﬁcant reduction in the number of
Pax7-expressing cells (po0.001; ANOVA) could be partially res-
cued by 2 μM LDN treatment at 12 hpf, which brought the number
of Pax7-positive cells at the 15th somite to 32.071.2 (Fig. 6F and
G; po0.001 compared to DMSO-treated sulf1 morphants;
ANOVA). Notably, LDN treatment not only increased the number
of Pax7-expressing dermomyotome cells, but also restored the
stripe of narrow Pax7-positive cells along the future myoseptum
(arrows in Fig. 6E). Together, these data suggest that sulf1 is
necessary to regulate levels of BMP signaling necessary to coordi-
nate dermomyotome differentiation, in particular along the future
myoseptum.
We wanted to determine whether inhibition of BMP could
rescue other aspects of the sulf1-knockdown phenotype. Treat-
ment with dorsomorphin (not shown) and LDN were able to
partially rescue the somite angle and width (Fig. 7A–E). LDN
treatment beginning at 12 hpf was able to restore the mediolateral
stripe of pigmentation at 72 hpf (Fig. 7F–I), with controls having
8.270.7 melanocytes along the lateral midline, sulf1 morphants
treated with DMSO as a vehicle control having 2.270.4 melano-
cytes (po0.001 compared with control; ANOVA), and sulf1 mor-
phants treated with 2 μm LDN at 12 hpf having 7.970.9
melanocytes (po0.001 compared with DMSO treated morphants;
ANOVA). To test whether the restoration in the lateral stripe
melanocytes following LDN was due to effects on development
of the horizontal myoseptum or was directly affecting the mela-
nocytes, we delayed the LDN treatment until 24 hpf, after the
horizontal myoseptum would have developed but prior to the
melanocytes having ﬁnished their migration to the lateral stripe.
Fig. 4. sulf1morphants have no loss of slow muscle ﬁbers or ptc1 expression. (A and B)
Whole-mount labeling of control (A) or sulf1 morphant (B) zebraﬁsh at 24 hpf with the
F59 antibody that labels slow muscle ﬁbers at this time-point. Images shown are
centered on the 15th somite. Both control and morphant ﬁsh have slow muscle ﬁbers
along each somite, though the shapes of the somites are different. (C) Quantiﬁcation of
the F59-labeled slow muscle ﬁbers at the 15th somite for control and sulf1 morphant
ﬁsh revealing that there is a slight, but not statistically signiﬁcant reduction in the
number of slow ﬁbers in sulf1 morphants. (D and E) Cross-sections of control (D) and
sulf1 morphant (E) ﬁsh at 24 hpf labeled with the BA-D5 antibody that labels slow
muscle myosin, showing that the slow muscle ﬁbers in morphants are in approximately
the same number and position as controls, though there is not an obvious indentation at
the myoseptum in morphants. (F–I) In situ hybridization against the hedgehog target
ptc1 in control (F and H) and sulf1 morphant zebraﬁsh (G and I) at 24 hpf. Both control
and morphant ﬁsh have grossly similar levels and patterns of ptc1 expression. At higher
magniﬁcation along the yolk extension (H and I), both controls and morphants have
equivalent levels of ptc1 in the anterior portion of each somite. The somites are of
different shape, but there is no dramatic change in the pattern of ptc1 expression. Scale
bars: A, B: 50 μm; D, E: 50 μm; F, G: 250 μm; H, I: 50 μm.
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only 2.070.5 melanocytes along the stripe (Fig. 7I; po0.001
compared with LDN treatment at 12 hpf; ANOVA), demonstrating
that LDN treatment was having its primary effect between 12 and
24 hpf, during development of the myoseptum, rather than later
during the migration of the neural crest to the lateral stripe.
The migration of neural crest derived melanophores between
the skin and the dermomyotome to the lateral stripe along the
horizontal myoseptum depends in part on chemokine signaling.
The ligand sdf1/cxcl12a is expressed by cells along the horizontal
myoseptum and changes in the pattern of sdf1/cxcl12a disrupts
development of the lateral stripe (Svetic et al., 2007). As we see
failure of the lateral stripe of pigmentation to form in sulf1
morphants, we asked whether the expression of sdf1/cxcl12a was
disrupted following sulf1 knockdown. While control ﬁsh exhibit
a strong stripe of cxcl12a expression along the lateral mid-
line (Fig. 8A), sulf1 morphants have focal spots of weak cxcl12a
expression with regular gaps in the pattern, and occasional
somites without cxcl12a expression (Fig. 8B). As inhibition of
BMP signaling in sulf1 morphants restores both the myoseptum
and migration of melanophores to the lateral stripe, we asked
whether LDN-193189 could also rescue the pattern of cxcl12a
expression. Treatment of sulf1 morphants with 2 μm LDN-193189
beginning at 12 hpf restored expression of cxcl12a along the
horizontal midline in each somite (Fig. 8C).
The horizontal myoseptum also serves as an important signal-
ing center for the migration of the posterior lateral line primor-
dium (PLL), which migrates along the sdf1/cxcl12a stripe along the
horizontal myoseptum (Li et al., 2004; Haas and Gilmour, 2006).
In mutants lacking cxcl12a, the PLL will often make U-turns rather
than migrating from head-to-tail in mutants that have reduced
cxcl12a expression (Haas and Gilmour, 2006), therefore we exam-
ined the migration of the PLL using time-lapse microscopy during
lateral line morphogenesis in sulf1 morphant Tg(cldnb:lyn-gfp)
zebraﬁsh that express GFP in all of the cells of the lateral line
(Haas and Gilmour, 2006). In all control ﬁsh, the normal, linear
anterior to posterior migration of the primordium was observed
(14 out of 14, Movie S1). In 39% of sulf1 morphant ﬁsh (7 out of 18)
observed under time-lapse, however, the primordium made a
U-turn during the recording to begin migrating back toward the
head (Fig. 8D, Movies S1, S2), consistent with the decrease in
cxcl12a expression in sulf1morphants. The effect was rescued in 15
of 15 sulf1 morphants treated with 2 μm LDN-193189 at 12 hpf
(data not shown), all of which had normal migration of the lateral
line. This suggests that restoring normal levels of BMP signaling in
sulf1 morphants allows the expression of cxcl12a in the horizontal
myoseptum to properly direct PLL migration.
Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2013.04.002.
In addition to the disrupted pathﬁnding of the lateral line
primordium, we observed that sulf1 morphants also failed to
deposit the normal number of neuromasts. While control ﬁsh
had 7.570.3 neuromasts by 54 hpf, those sulf1 morphants that
had appropriate migration of the primordium only deposited
4.670.6 neuromasts by 54 hpf (Fig. 9A–C). The primordium in
sulf1 ﬁsh was much smaller than controls, and while control
primordia typically had 2–3 organized rosettes developing behind
the leading edge (Chitnis et al., 2011; Fig. 9D—arrowheads, Movie
S1), sulf1 morphants usually had one or no observable rosettes
(Fig. 9E, Movies S1, S2). These deﬁcits resemble what is observed
in ﬁsh with loss of FGF signaling (Lecaudey et al., 2008;
Nechiporuk and Raible, 2008).
To test whether there was a disruption in FGF signaling in sulf1
morphants, we analyzed the expression of FGF10 at 36 hpf using
in situ hybridization. FGF10 typically shows highest expression at
the leading edge of the primordium and is also expressed at the
01
2
3
4
5
M
PC
s 
pe
r s
om
ite
0
2
4
6
8
M
FF
s 
pe
r s
om
ite
Control
Sulf1 MO
Sulf1 MO + LDN
pSMAD5/8 pSMAD5/8 DAPI
C
on
tro
l
Tg
(B
M
P
R
E
:G
FP
)
S
ul
f1
 M
O
 +
 2
 µ
M
 L
D
N
}
}
pSMAD5/8 Engrailed Overlay
Control ControlSulf1 MO Sulf1 MO
24 hpf 24 hpf 72 hpf 72 hpf
S
ul
f1
 M
O
 
*
*
*
*
*
Fig. 5. Knockdown of sulf1 in embryonic zebraﬁsh leads to an increase in BMP signaling that can be rescued with inhibition of BMPRI. (A and B) Cross-sections through
36 hpf control (A) or sulf1 morphant (B) zebraﬁsh labeled with anti-pSmad1/5/8 (green) and counterstained with DAPI. sulf1 morphants show stronger immunoreactivity
against pSmad1/5/8 particularly around the spinal cord (arrow) and in the ventral regions of the somitic muscle near the notochord (brackets). (C and D) Whole-mount
control (C), or sulf1 morphant (D) zebraﬁsh ﬁxed at 24 hpf, and double-labeled for pSmad1/5/8 and engrailed, with images taken at the level around and just posterior to the
proctodeum. Control ﬁsh show discrete labeling of pSmad reactive nuclei in each somite, but absent from the horizontal myoseptum, where the engrailed-positive muscle
pioneers can be found. sulf1 morphants show an increase in the level of pSmad immunoreactivity, and less organization of the pSmad immunoreactive cells particularly in
the ventral portion of the more posterior somites, and with less separation between the dorsal and ventral halves of the domains of expression. Again, the number and
intensity of engrailed-positive muscle pioneers is reduced in sulf1 morphants. (C'–D') Magniﬁed view of pSmad immunoreactivity from the boxed regions indicated in C
and D. (E and F) Treatment of sulf1 morphant ﬁsh with 2 μM LDN193189 beginning at 12 hpf abrogates the increase in pSmad labeling, in cross-sections (E) and whole-
mounts (F; magniﬁed in F'). Treatment of sulf1 morphants with 2 μM LDN193189 is sufﬁcient to reduce the levels of pSmad immunoreactivity, particularly in the ventral
domain, consistent with inhibition of BMP signaling, and increase the number and intensity of muscle pioneers and medial fast cells. (G and H) Quantiﬁcation of the number
of muscle pioneer cells (G) and medial fast ﬁbers (H) per somite in control (blue), sulf1 morphants treated with DMSO as a vehicle control (green), and sulf1 morphants
treated with 2 μM LDN193189 beginning at 12 hpf. LDN treatment restored the number of MPCs to normal and led to a signiﬁcant increase in the number of MFFs compared
to DMSO treated morphants. (I–L) GFP expression under control of repeated BMP response elements in control (I and K) or sulf1 morphant (J and L) at 24 hpf (I and K) or
72 hpf (K and L). While controls have a distinct absence of GFP along the developing horizontal myoseptum, morphants show a greatly reduced gap between the dorsal and
ventral expression, with some somites showing strong BMP activity along the lateral midline. Scale bars: A, B, E: 50 μm; C, D, F: 100 μm; C', D', F': 50 μm; I–L: 100 μm.
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Nechiporuk and Raible, 2008; Fig. 9F). sulf1 morphants, however,
showed a smaller domain of FGF10 expression, and lacked any
expression at the center of the developing rosettes (Fig. 9G). We
could mimic the increased spacing between neuromasts by0
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Otreating control ﬁsh with a low dose of the FGF receptor tyrosine
kinase inhibitor PD 166866 beginning at 24 hpf when the primor-
dium initiates its migration (Fig. 9H and I; Panek et al., 1998).
To test whether we could rescue this apparent reduction of FGF
signaling in sulf1 morphants, we treated sulf1 morphant ﬁsh with
2.5 μM BCI, a Dusp1/6 inhibitor that leads to hyperactivation of
FGF signaling (Molina et al., 2009). Fish were treated at 36 hpf, as
this is the time point when the PLL primordium has migrated
approximately half-way to the tail, allowing us to compare the
spacing of the anterior neuromasts deposited prior to drug
treatment (we measured the distance between the ﬁrst and
second neuromasts) and the spacing of the posterior neuromasts
that form subsequent to drug treatment (we measured the
distance between the penultimate neuromast (Posterior (P)-1)
and the one immediately preceding it (P-2)). In control ﬁsh at
54 hpf, the spacing between the ﬁrst two neuromasts was
399.8743.0 μM, and the spacing between the P-1 and P-2
neuromasts was 241.7736.3 μM (Fig. 9A and K). sulf1 morphant
ﬁsh had signiﬁcantly greater spacing between both anterior and
posterior neuromasts (540.2797.7 μM between the ﬁrst two
neuromasts, and 474.2788.2 between the P-1 and P-2 neuro-
masts; Fig. 9B and K). In contrast, sulf1morphants treated with BCI
beginning at 36 hpf had spacing of 611.27150.5 μM between the
ﬁrst two neuromasts deposited prior to BCI treatment (not
signiﬁcantly different compared to sulf1 morphants; ANOVA), but
the posterior neuromasts, which were deposited after the initia-
tion of drug treatment, were only 196.0786.7 μM between
the P-1 and P-2 neuromasts (Fig. 9J and K; po0.001 compared
to sulf1 morphants; ANOVA). Thus, the sulf1 morphant ﬁsh treated
with BCI part-way through PLL primordium migration exhibited
anterior neuromasts spaced similarly to the untreated sulf1 knock-
down ﬁsh, but with posterior neuromasts spaced similarly to
control ﬁsh and signiﬁcantly closer together than untreated
morphants. Therefore, restoring FGF signaling with BCI treatment
was sufﬁcient to rescue the spacing of the neuromasts in sulf1
morphant ﬁsh, consistent with the loss FGF10 seen in the PLL of
sulf1 morphants.Discussion
The importance of HSPGs as regulators of developmental
signaling has been deﬁned in genetic studies where Drosophila
embryos mutant for genes encoding HS biosynthetic enzymes
were found to be defective in Dpp, Hh, Wg and FGF signaling
(Reviewed by Lin, 2004). More recently, the enzymes Sulf1 andFig. 6. sulf1morphants have a loss of dermomyotome cells that can be partially rescued
by BMP inhibition. (A–C) Cross-sections of control ﬁsh (A), sulf1 morphants
treated with DMSO as a vehicle control (B) or sulf1 morphants treated with 2 μM
LDN193189 (C) beginning at 12 hpf. Fish was ﬁxed at 48 hpf and labeled with phalloidin
to label actin-rich muscle ﬁbrils. While sulf1morphants have a decrease in the density of
muscle ﬁbers and lack a deﬁned horizontal myoseptum compared to controls, the
density of muscle ﬁbers andmyoseptum are partially rescued inmorphants treated with
LDN to decrease BMP signaling. (D–F) Whole-mount views of control (D), sulf1
morphant (E), and sulf1 morphant ﬁsh treated with 2 μM LDN193189 (F) ﬁxed at
24 hpf and labeled with an antibody against Pax7, which strongly labels neural crest
derived cells and also labels dermomyotome cells. Images are taken around the
proctodeum (approximately somite 15). (D) Control ﬁsh have Pax7-expressing dermo-
myotome cells throughout each somite, with a distinct population of elongate cells
along the developing horizontal myoseptum (arrows). (E) sulf1 morphants have fewer
Pax7-expressing dermomyotome cells across the somite, and in particular have no
elongate cells running along the horizontal myoseptum. (F) Treatment of sulf1
morphants with LDN193189 increases the number of Pax7-expressing dermomyotome
cells in each somite, including restoring the population of elongate cells along the
horizontal myoseptum (arrows). (F) Quantiﬁcation of the number of Pax7-expressing
dermomyotome cells in each somite (excluding strongly labeled neural crest cells), from
control (blue), sulf1 morphants treated with DMSO (red) and sulf1 morphants treated
with 2 μM LDN193189 beginning at 12 hpf (green). Statistical signiﬁcance is shown by
asterisks (po0.001 for each comparison; ANOVA). Scale bars: A–C: 50 μm; D–F: 50 μm.
Fig. 7. Inhibition of BMP signaling in sulf1 morphants partially rescues somite shape and also restores the lateral stripe of pigmentation, but only if done during
somitogenesis. (A–C) Phalloidin labeled whole-mounts of 48 hpf control ﬁsh (A), sulf1 morphants treated with DMSO as a vehicle control (B), or sulf1 morphant zebraﬁsh
treated with 2 μM LDN193189 beginning at 12 hpf (C). While the sulf1morphants have somites that are more narrow, rounded and obtuse compared to controls, with smaller
and less organized actin ﬁbers, inhibition of BMP signaling with LDN193189 partially rescues the phenotype. The LDN-treated somites appear to be less rounded, and have a
reduction in the angle compared to untreated or DMSO-treated morphants. (D and E) Quantiﬁcation of somite angle (D) and width (E) in control (blue), sulf1 morphants
treated with DMSO (red) and sulf1 morphants treated with 2 μM LDN193189 (green) beginning at 12 hpf. While sulf1 morphants have signiﬁcantly more obtuse and more
narrow somites than controls (po0.001; ANOVA), treatment with LDN leads to a signiﬁcant decrease in the somite angle (po0.001; ANOVA) and slight, but signiﬁcant
increase in the width of each somite (po0.05; ANOVA). (F–H) Brightﬁeld views of 72 hpf control (F) or sulf1 morphant zebraﬁsh treated with DMSO (G) or 2 μM LDN193189
(H) at 12 hpf, showing location and number of melanocytes along the lateral stripe. (I) Quantiﬁcation of the number of melanocytes along the lateral stripe of control (blue),
sulf1 morphants treated with DMSO at 12 hpf (red), sulf1 morphants treated with 2 μM LDN193189 at 12 hpf (solid green), and sulf1 morphants treated with 2 μM LDN at
24 hpf (green checked). sulf1 morphants have a signiﬁcant decrease in the number of melanocytes along the lateral stripe (po0.001 compared to control; ANOVA), which
can be fully rescued by BMP inhibition with LDN treatment beginning at 12 hpf (po0.001 compared to DMSO-treated; p40.05 compared to control; ANOVA). Treatment
with LDN at 24 hpf does not rescue the number of melanocytes (p40.05 compared to DMSO-treated; ANOVA). Scale bars: A–C: 100 μm; F–H: 200 μm.
J. Meyers et al. / Developmental Biology 378 (2013) 107–121116Sulf2, which act post-synthetically to modify the sulfation pattern
of HS chains, have been shown to impart differential binding
afﬁnities for ligands and receptors which effects cell signaling (Ai
et al., 2003; Freeman et al., 2008). Surprisingly, mouse knockouts
of sulf1 and sulf2 display little phenotype, however mice lacking
both genes are smaller and die soon after birth. sulf1;sulf2
deﬁcient mice display disrupted FGF, HGF and GDNF signaling
and suffer from defects in innervation, spermatogenesis, glomer-
ular function, and muscle maintenance and repair (Lamanna et al.,
2006, 2008; Ai et al., 2007; Langsdorf et al., 2007, 2011;
Schumacher et al., 2011). Although the role of sulfatases has not
been previously examined in zebraﬁsh, knockdown of the 6-O-
sulfotransferase results in abnormal trunk muscle development(Bink et al., 2003), suggesting that the sulfation pattern of HSPGs is
important for proper somitic development in zebraﬁsh. In this
work, we show for the ﬁrst time the role played by sulf1 during
trunk development in zebraﬁsh. In particular, our data suggests
that sulf1 is necessary for the formation of the horizontal myo-
septum and the subsequent signaling that coordinates lateral line
and pigment cell migration.
When we examined the expression of sulf1 during zebraﬁsh
development, we found a pattern broadly similar to that of Gorsi
et al. (2010). We found somewhat more restricted expression
within the nervous system compared to Gorsi et al., which may
simply reﬂect differences in overall staining intensity, as we
focused our analysis on optimizing visualization of trunk
cldnb-lyn:GFP
sulf1 MO
sulf1 MO
sulf1 MO + 2µM LDN
Control
cxcl12a
sulf1 MO
cldnb:GFP
Fig. 8. sulf1 knockdown leads to improper migration of the lateral line primordium and a change in cxcl12a (sdf1a) expression along the lateral midline, which can be
rescued by inhibition of BMP. (A–C) In situ hybridization for cxcl12a (sdf1a) in control ﬁsh (A), sulf1 morphant ﬁsh (B), or sulf1 morphant ﬁsh treated at 12 hpf with 2 μM
LDN19189 (C). In the control ﬁsh, the cxcl12a expression is in a stripe along the lateral midline. In sulf1morphants, the cxcl12a expression is greatly reduced with gaps in the
expression along the lateral midline. Treatment with 2 μM LDN beginning 12 hpf can rescue the intensity and positioning of cxcl12a expression. (D) Individual frames from
two separate time lapse series of sulf1 morphant Tg(cldnb:lynGFP) zebraﬁsh starting at ∼32 hpf with subsequent frames stacked vertically being 30 min apart. In both
examples, the small primordium has recently deposited a neuromast and is moving toward the tail (right arrow). By the third frame the primordium begins to turn and
completely turns itself around to reverse direction (curved arrow), and it then proceeds back toward the head. Scale bars: A–C: 100 μm; D: 50 μm.
J. Meyers et al. / Developmental Biology 378 (2013) 107–121 117expression, and the areas we saw neural expression, such as the
midbrain–hindbrain boundary, and otic vesicle were some of the
strongest areas of expression for Gorsi and colleagues (2010).
Nonetheless, both studies found somitic expression of sulf1 during
somitogenesis and maturation of the somites. Our cross-sections
of the developing somites (Fig. 1G) show that sulf1 is expressed in
the appropriate position within somites and notochord to mod-
ulate medially expressed signals, such as BMP and hedgehog, that
diffuse laterally to control somitogenesis.
sulf1 is necessary for proper somite and myoseptum development
The patterning of somites, formation of muscle pioneers, and
development of the horizontal myoseptum involves complex
interactions between hedgehog signaling, BMP signaling and
extracellular matrix proteins including HSPGs and laminins (Du
et al., 1997; Stickney et al., 2000; Hirsinger et al., 2004; Feng et al.,
2006; Patterson et al., 2010; Dolez et al., 2011). Sulf1 has been
found to modulate hedgehog signaling in Drosophila (Wojcinski
et al., 2011) and Xenopus (Ramsbottom and Pownall, personal
communication) and a loss of Shh signaling is consistent with the
U-shaped sulf1 knockdown zebraﬁsh (Van Eeden et al., 1996).
However our data indicates that any effect that sulf1 may have on
Shh signaling is not the primary cause of the sulf1 somite
phenotype we describe here. Ptc1 expression in sulf1 morphants
is only mildly disrupted in posterior somites, and there are normal
numbers of slow muscle ﬁbers, which are induced by Shh
signaling.
BMP signaling is also necessary for somite patterning and the
formation of the engrailed expressing muscle pioneers along the
horizontal myoseptum (Patterson et al., 2010; Dolez et al., 2011).
Importantly, HSPGs have been shown to play a critical role
upstream of BMP signaling during muscle pioneer speciﬁcationin zebraﬁsh (Dolez et al., 2011). We found a signiﬁcant increase in
phosphorylated Smad1/5/8 in sulf1 morphants as compared to
controls, indicating that sulf1 restricts BMP signaling during the
normal morphogenesis of zebraﬁsh somites. This is consistent
with the ﬁnding that overexpressing BMP4 in zebraﬁsh using a
heat-shock promoter leads to more rounded and more narrowly
spaced somites, similar to what we observe in sulf1 morphants
(Patterson et al., 2010). The basement membrane protein Laminin
plays a central role in localizing HSPGs at the cell surface (Li et al.,
2003). In the absence of Laminin (as seen in the sly mutant), there
is a reduction in MPCs and larger loss of medial fast ﬁbers, similar
to what we observe in sulf1 morphants (Dolez et al., 2011). The
effects of sly on MPC and MFF induction appear to be due to the
loss of localized HSPGs that modulate BMP signaling. Loss of MPCs
also resulted when embryos were treated with heparinase, dis-
rupting HSPG function (Dolez et al., 2011). The expansion of
pSmad1/5/8, and when normal HSPG function is disrupted in sly
mutants leads to decrease in engrailed labeling similar to what we
observe in sulf1 morphants (Dolez et al., 2011). We further ﬁnd
that sulf1 morphants have strong expression of a BMP reporter
construct throughout the somite, while control ﬁsh have a con-
spicuous absence of reporter expression along the developing
horizontal myoseptum. Though we do see some weakly
Engrailed/Prox1 double-labeled muscle pioneer cells in sulf1
morphants, these cells appear not to be sufﬁcient to form a normal
myoseptum or to coordinate signaling along the myoseptum, such
as the stripe of sdf1a/cxcl12a chemokine expression typically found
running along the lateral midline (David et al., 2002). As the
medial fast ﬁbers appear to be lost more dramatically in both sly
mutants and sulf1 morphants, this suggests that HSPGs are critical
for limiting the domain of BMP signaling necessary for MFF
formation. Further, our data suggest that MFFs may be more
essential to the formation of and signaling from the horizontal
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Fig. 9. sulf1 knockdown leads to loss of FGF signaling within the lateral line primordium but can be partially rescued by BCI. (A) Whole mount Tg(cldnb:lyngfp) zebraﬁsh at 54 hpf
showing normal distribution of posterior lateral line (pLL) neuromasts. (B) Whole mount Tg(cldnb:lynGFP) sulf1 morphant zebraﬁsh at 54 hpf showing a decreased number of pLL
neuromasts along the tail, quantiﬁed in the adjacent graph. (C) Quantiﬁcation of neuromast number from control and sulf1morphant zebraﬁsh. Morphants have 4.670.6 neuromasts
while controls have 7.570.3 neuromasts along their trunk. (D) View of the pLL primordium from a control Tg(cldnb:lynGFP) zebraﬁsh at ∼32 hpf shortly after deposition of a
neuromast (arrow), where the rosette patterning of the next two neuromasts to be deposited can be seen (arrows). (E) View of the pLL primordium of a Tg(cldnb:lynGFP) sulf1
morphant zebraﬁsh at ∼32 hpf shortly after deposition of a neuromast (arrow). The primordium is much smaller than in controls, and the typical rosette patterns within the neuromast
or in the trailing edge of the primordium are not visible. (F and G) In situ hybridization of an FGF10a probe in control (F) or sulf1morphant (G) zebraﬁsh at 36 hpf. FGF10a is expressed
in the leading zone of the primordium, and in the central region of a recently deposited neuromast (arrow) and at the center of the rosette of the next neuromast to be deposited
(arrowhead). In sulf1 morphants, FGF10a is expressed more uniformly across the smaller neuromast and is not focally expressed at the center of a rosette along the trailing edge.
(H and I) Tg(cldnb:lynGFP) zebraﬁsh treated at 24 hpf with either DMSO (H) or 1 μM FGFRTKi (I) imaged at 54 hpf showing that partial inhibition of FGFR1 can phenocopy the reduced
number of deposited neuromasts. (J) sulf1 morphant Tg(cldnb:lynGFP) zebraﬁsh treated at 32 hpf with 2.5 μM BCI and imaged at 54 hpf, showing a decrease in the spacing between
the last 4 deposited neuromasts compared with the initial two. (K) Quantiﬁcation of the distance between the ﬁrst two deposited neuromasts (anterior) and last two deposited
neuromasts excluding the terminal cluster (posterior) at 54 hpf from control ﬁsh (blue), sulf1 morphant ﬁsh treated with DMSO (red), and sulf1 morphant ﬁsh treated at 32 hpf with
2.5 μM BCI (green). BCI had no effect on neuromast distance in the anterior neuromasts that had already been deposited before it was added (p40.05 compared to DMSO-treated
morphants; ANOVA), but restored the appropriate distance between posterior neuromasts deposited after its application (po0.001 compared to DMSO-treated morphants; p40.05
compared to control; ANOVA). Scale bars: A, B, H, I, J: 500 μm; D, E: 50 μm; F, G: 50 μm.
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inhibition of BMPR with either dorsomorphin or LDN193124
(Boergermann et al., 2010) in sulf1 morphants restores the strong
engrailed expression in muscle pioneers and medial fast ﬁbers,
the formation of a morphological horizontal myoseptum,
and appropriate sdf1a/cxcl12a expression that can coordinate
migration of melanocytes and lateral line primordium. This is
consistent with the hypothesis that the one of the primary
functions of sulf1 in somite morphogenesis is to restrict BMP
signaling, in particular in the medial domain where the MPCs and
MFFs will be forming leading to appropriate development of the
horizontal myoseptum.
In addition to the loss of MPCs and MFFs, we found that sulf1
morphants had reduced numbers of Pax7-expressing dermomyo-
tome cells, including lacking a stripe of elongate Pax7+ nuclei
along the developing horizontal myoseptum. The decrease in the
number of dermomyotome cells in sulf1 morphants is consistent
with the decrease in fast ﬁbers in the trunk muscle, since the
dermomyotome cells serve as the myogenic precursors of the fast
muscle (Buckingham and Vincent, 2009). Pax7-positive cells
become preferentially localized to the horizontal myoseptum
between 24 and 72 hpf in zebraﬁsh (Seger et al., 2011), and may
thus play key roles in its development and morphogenesis.
Overexpression of BMP2b during later stages of somitogenesis
leads to overproduction of Pax7 expressing dermomyotome
cells apparently coming from the failure of dermomyotome
progeny to differentiate into muscle (Patterson et al., 2010).
However, as our sulf1 morphants have altered signaling through-
out somitogenesis, the decrease we observe may reﬂect failure of
the initial speciﬁcation of dermomyotome cells. Consistent with
this model, early BMP signaling inhibits Myf5 expression in
Xenopus mesoderm as well as in avian somites (Pownall et al.,
2002), and implantation of a bead containing excess BMP into
axolotl somites greatly reduces the number of Pax7 dermomyo-
tome cells, with resultant decrease in later-forming muscle, and
also leads to loss of pigmentation in the overlying skin (Epperlein
et al., 2007). In zebraﬁsh, Pax7 is expressed in the lateral somite in
close proximity to the horizontal myoseptum and this expression
is repressed by both FGF8 and Shh signaling, which in contrast
promote MRF gene expression (Hammond et al., 2007). MyoD and
Myf5 are thought to inhibit Pax3/7 expression in the lateral
somite, presumably by signals produced by the surrounding fast
ﬁbers. Sulf1 is expressed in the somites and could play a role in
modulating these signals. In contrast to our ﬁndings, late (but not
early) overexpression of BMP2 leads to more Pax7+ cells
(Patterson et al., 2010) which suggests distinct temporal require-
ments for BMP signaling in myogenic proliferation and differentia-
tion. The effects of BMP signaling on Pax7 has recently been
investigated by Nord et al. (in press) where they show that the
proliferation of Pax7+ cells in different regions of the dermomyo-
tome and at different stages is differentially affected by BMP
signaling. However, consistent to our ﬁndings, overexpression of
BMP2 at early or late stages results in U-shaped somites (Patterson
et al., 2010) similar to those found in sulf1 knockdown ﬁsh. We
also show that sulf1 morphants display elevated pSmad1/5/8
expression and increased BMPRE:GFP activity together with a loss
of some Pax7 positive cells; these results are consistent with a
model that Pax7 expression is modulated by BMP signaling, and
that BMP signaling is modulated by Sulf1. We conclude that Sulf1
contributes to the patterning of the zebraﬁsh dermomyotome by
negatively regulating the level of BMP signaling.
sulf1 morphants show disrupted migration of the PLL primordium
The effect of sulf1 knockdown on the migration of the PLL
primordia is typical of what is seen in other you-mutants that alsolack a horizontal myoseptum. SDF1 is expressed by some of the
engrailed positive MPCs (David et al., 2002) and this ligand
accumulates along the horizontal myoseptum providing a track
for the CXCR4b expressing PPL primordium to follow (Li et al.,
2004). Smoothened (smu−/−) zebraﬁsh lack a horizontal myosep-
tum due to a mutation in the hedgehog receptor (Chen et al., 2001)
and do not express SDF1a in the medial somites, however SDF1a
continues to be expressed in the more ventrally located prone-
phros (David et al., 2002). In smu−/− embryos, the PLL migrates
inappropriately towards the alternate source of SDF1a (David et al.,
2002; Li et al., 2004). Interestingly, in the mutant fused-somites
(fss/tbx24) that express SDF1a normally in the anterior somites, but
not at all in posterior somites, the PLL primordial initially migrates
posteriorly and then makes a U-turn to migrate back towards the
pronephors source of SDF1a (Haas and Gilmour, 2006). The turn-
ing around and moving anteriorly indicates that the directionality
is not dictated by SDF1 and the PLL primordia can use the track of
SDF1a along the horizontal myoseptum as a two-way street (Haas
and Gilmour, 2006). Our experiments show that in sulf1 mor-
phants, the migration of the PLL primordial is dramatically
disrupted (see Movie S2): wildtype PLL in cldnbGFP embryos
follows a strict linear path, dropping of proneuromasts in a
stereotypical manner (Haas and Gilmour, 2006), in contrast, the
PLL primordial in cldnbGFP embryos injected with sulf1 AMO do
not follow a straight path and even when they do migrate in the
appropriate direction do not deposit proneuromasts as frequently.
The result is a signiﬁcant reduction in the number of neuromasts
present in sulf1 morphant ﬁsh. In addition the PLL primordium is
also seen to take U-turns in sulf1 knockdown embryos, similar to
those described in fss−/− mutants that lack part of the horizontal
myoseptum (Haas and Gilmour, 2006). The PLL primordium in the
region of the yolk extension (where we undertook our time-lapse
analyses) would turn around towards this anterior source of SDF1a
as the horizontal myoseptum disappears in more posterior somites
in sulf1 morphant embryos (Fig. 6B). Importantly, this abnormal
turning could be rescued by LDN193124 treatment which restores
appropriate sdf1a expression, and also rescued the migration of
melanocytes to the mediolateral stripe, which is also dependent
on sdf1/cxcl12a expression along the horizontal myoseptum (Svetic
et al., 2007).
The decreased frequency of neuromast deposition, and the
shape of the migrating primordium are suggestive of loss of FGF
signaling (Lecaudey et al., 2008; Nechiporuk and Raible, 2008),
and we see that the expression of FGF10a is greatly decreased in
rosettes and deposited neuromasts, consistent with this hypoth-
esis. The Dusp1/6 inhibitor BCI, which derepresses FGF signaling in
ﬁsh (Molina et al., 2009), can rescue the appropriate spacing
between neuromasts following its application, suggesting that
increasing FGF signaling can overcome this aspect of the sulf1
phenotype.Conclusions
Together, these data suggest that the heparan sulfate 6-O-
endosulfatase, sulf1, is required for proper modulation of signaling
in zebraﬁsh trunk development, particularly during formation of
the horizontal myoseptum. The sulfatase is expressed in the
notochord and medial trunk musculature during somitogenesis
and muscle formation, where it can modify the sulfation pattern of
HSPGs altering signaling throughout the developing somites.
Following knockdown of sulf1, there is excessive BMP signaling,
suggesting that desulfation of HSPGs is necessary for reducing
BMP activity along the developing horizontal myoseptum. When
BMP signaling is too high along the lateral midline in sulf1
morphants, there is a decrease in muscle pioneer and medial fast
J. Meyers et al. / Developmental Biology 378 (2013) 107–121120ﬁber speciﬁcation, consistent with a model that MPC and MFF cells
depend on a gradient of BMP signaling modulated by HSPGs. In the
absence of proper horizontal myoseptum speciﬁcation, subsequent
development that requires the stripe of sdf1/cxcl12a normally
produced by the cells of the horizontal myoseptum, such as
melanocyte migration and lateral line primordium migration, is
also disrupted. These can be largely rescued by inhibition of BMP
signaling during somitogenesis, again consistent with the domi-
nant role of sulf1 to be modulation of BMP signaling in the
developing somite, though there are likely additional signals
modulated by sulf1 that need to be characterized by further
experimentation. We also show that sulf1 regulates FGF signaling
within the lateral line primordium. In short, the sulfation pattern
of HSPGs in and around the developing somites are crucial for
establishing proper morphogen gradients and enabling cells to
respond appropriately to those morphogens as required to coor-
dinate trunk development in the zebraﬁsh.Acknowledgments
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